Introduction
Since the discovery of carbon nanotubes [1] , one-dimensional materials have stimulated great interest because of their potentially useful electronic and mechanical properties. Carbon nanotubes can now be synthesized on a large scale [2] . The synthesis of nanotubes with other elements, such as BN nanotubes [3] , B x C y N z three-component nanotubes [4] , Mo and W chalcogenide tubes [5] [6] [7] and bismuth nanotubes [8] , has been achieved in some cases. Theoretical predictions of the stabilities and electronic structures of other possible nanotubes [9] [10] [11] have been made in the literature. Among these nanotubes, the BN nanotubes should exhibit particularly interesting properties: they are predicted to be insulators with an almost constant band gap of 5.5 eV which is independent of diameter, helicity and number of walls [12] . In this paper, we carry out first-principles ultrasoft-pseudopotential local density functional calculations using the VASP code [13] [14] [15] [16] in order to study the structural stabilities and electronic properties of the bismuth nanotubes. The theoretical study shows that the strain energies of the stable Bi(n, n) nanotubes follow the classical 1/D 2 strain law. For small-size Bi(n, 0) nanotubes, the strain energies show a non-linear dependence on 1/D 2 . The bismuth nanotubes are semiconductors for all diameters. For small-diameter bismuth nanotubes, the band structure varies strongly because of the strong hybridization effect. As the diameters are larger than about 18 Å, the band gaps of both Bi(n, n) and Bi(n, 0) nanotubes approach 0.63 eV, corresponding to the band gap of a bismuth sheet at the point. Thus the bismuth nanotubes are seen as potential semiconducting nanomaterials for future nanoelectronics applications.
First-principles calculations and results
The calculations are carried out in a hexagonal supercell by means of a first-principles molecular dynamics simulation [13] [14] [15] [16] , which is based on the density functional theory with the local density approximation and a plane-wave-basis ultrasoft pseudopotential. Metallic bismuth (α-Bi) has a pseudolayered structure. As shown in figure 1 , by top and side views, one bismuth atom is connected to three other bismuth atoms and thus forms a trigonal pyramid in the bismuth sheet. These pyramids further form a puckered layer with shared vertices. The distances between a Bi atom and its three neighbours in the same layer are 3.072 Å and the BiBi-Bi bonding angle is 95.5
• . The bismuth nanotubes can be obtained by rolling a sheet composed of a bismuth layerjust like rolling a graphite sheet to obtain carbon nanotubes. Thus the bismuth nanotubes can be defined in the same way as carbon nanotubes. Here we have considered the zigzag (n, 0) bismuth nanotubes, with 4 n 18, and the armchair (n, n) bismuth nanotubes, with 2 n 10. The structures of Bi(12, 0) and (6, 6) bismuth nanotubes are shown in figure 2. Bismuth nanotubes are also puckered and the bismuth atoms are located in two concentric cylinders. The diameter of the bismuth nanotubes discussed below is the average of the diameters of the two cylinders.
In our first-principles molecular dynamics calculations, the supercell is a hexagonal column with edge a and the bismuth nanotube is put along the axis. For different size Bi nanotubes, a different a is used to ensure that the closest distances between bismuth atoms in neighbouring supercells are bigger than 10 Å, i.e. such that the interaction between the nanotubes in neighbouring supercells can be ignored. The cutoff energy for the wavefunctions is set at E cut = 99.087 eV and a 1 × 1 × 8 k-point mesh is adopted. We also carry out ab initio molecular dynamics calculations for 'the bismuth layer' in which the distances between a Bi atom and its three neighbours in the same layer are 2.945 Å and the Bi-Bi-Bi bonding angle is 91.0
• , in good agreement with the experimental values. The strain energy per atom for a bismuth nanotube is defined as E s = E tub − E 0 , where E tub is the energy per atom of the bismuth nanotube and E 0 is the energy per atom of the bismuth layer. The strain energies per atom increase linearly with 1/R 2 following the classical 1/R 2 strain law, as shown in figure 3 . In order to make a comparison with carbon nanotubes, we also display the strain energies of carbon nanotubes [18] in figure 3 .
According to our first-principles molecular dynamics calculations, bulk α-Bi is metallic; the corresponding electronic band structures are shown in figure 4(a) . However, the bismuth layer is a semiconductor; the corresponding electronic band structures are shown in figure 4(b) . There is a direct band gap (0.63 eV) between the valence and conduction bands at the point. As the bismuth layer is rolled to form a nanotube structure, the k-vectors in the circumferential direction will be quantized and allowed states will lie on a number of parallel lines in the two-dimensional Brillouin zone. There will always be a line through the point. If the electronic properties of bismuth nanotubes follow the 'rigid-band-folding' picture, the bismuth nanotubes will be semiconductors as shown in figures 5(a) and (c). According to our ab initio calculations, for small-diameter bismuth nanotubes, the band structure varies strongly because of the strong hybridization effect, as shown in figures 5(b) and (d). When the diameters are larger than about 18 Å, the band gaps of both Bi(n, n) and Bi(n, 0) nanotubes approach 0.63 eV, corresponding to the band gap of a bismuth sheet at the point. Table 1 lists the band gaps for both Bi(n, n) nanotubes with 2 n 10 and Bi(n, 0) nanotubes with 4 n 18.
Discussions
Finally we would like to conclude by making the following comments. Our first-principles theoretical studies indicate that the bismuth nanotubes are semiconductors for all diameters and in all types. For small-diameter bismuth nanotubes, the band structure varies strongly because of the strong hybridization effect. As their diameters are larger than 18 Å, the bismuth nanotubes of both (n, n) and (n, 0) types have almost the same band gap, around 0.63 eV, corresponding to the band gap of a bismuth sheet.
This electronic property of bismuth nanotubes is different from the case for carbon nanotubes. Since the diameters and chiralities of carbon nanotubes which determine the electronic properties (conductor or semiconductor) cannot be controlled in synthesis yet, the real applications of carbon nanotubes would be limited. However, bismuth nanotubes are semiconductors with a rather wide range of diameters, and should be seen as potential one-dimensional semiconducting nanomaterials for future 'nanodevice' applications. 
